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Four  different  electrolytes  are  prepared  by  dissolving  a  Li  salt  in  three  different  room-temperature  ionic 
liquids  (RTILs)  and  also  in  a  conventional  organic  solvent.  The  cathodic  (electrochemical  reduction)  sta¬ 
bility  of  these  electrolytes  is  compared  at  both  ambient  and  elevated  temperature  by  potential  cycling  on 
a  Ti02-B  electrode.  At  room  temperature,  the  stability  of  pyrrolidinium-  and  piperidinium-based  RTILs 
is  comparable  with  that  of  the  carbonate-based  organic  solvent,  which  is  in  contrast  to  the  severely 
decomposed  imidazolium-based  RTIL.  At  elevated  temperature  (120  °C),  the  imidazolium-based  RTIL 
undergoes  even  more  significant  cathodic  decomposition  that  results  in  the  deposition  of  a  resistive 
surface  film  and  leads  to  eventual  cell  degradation.  By  contrast,  the  cathodic  decomposition  and  con¬ 
comitant  film  deposition  are  not  serious  with  pyrrolidinium-  and  piperidinium-based  RTILs  even  at  this 
high-temperature,  so  that  the  Ti02-B/Li  cell  operates  with  reasonably  good  cycle  performance.  The  latter 
two  RTILs  appear  to  be  promising  solvents  for  lithium-ion  batteries  that  are  durable  against  occasional 
exposure  to  high-temperature. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

During  the  past  decade,  lithium-ion  batteries  (LIBs)  have  been  a 
major  power  source  for  portable  electronic  devices  such  as  mobile 
phones  and  notebook  computers.  Recently,  the  issues  of  oil  price 
and  global  warming  have  brought  an  increasing  awareness  to  the 
need  for  more  fuel-efficient  and  less-polluting  hybrid  electric  vehi¬ 
cles  (HEVs),  for  which  LIBs  are  being  considered  as  replacements 
for  the  present  nickel-metal  hydride  cells  [1-3].  The  performance 
of  LIBs,  however,  still  falls  short  of  the  requirements  for  many 
transportation  applications  with  respect  to  specific  energy,  specific 
power,  cell  life,  and  safety  characteristics.  The  safety  characteris¬ 
tics  of  LIBs  are  often  deeply  associated  with  the  high-temperature 
stability  of  the  cell  constituents.  For  instance,  thermal  runaway  is 
often  triggered  by  internal/external  electric  shorts  or  over-charging 
and  is  accompanied  by  decomposition  of  the  electrode/electrolyte 
constituents  and  the  eventual  ignition  of  combustible  ingredients. 
Thermally  stable  and  non-flammable  electrodes/electrolytes  may 
thus  reduce  the  danger  of  thermal  runaway.  Cell  life  is  also  affected 
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by  the  thermal  stability  of  electrodes/electrolytes.  That  is,  if  these 
materials  are  vulnerable  to  decomposition  under  occasional  high- 
temperature  exposure,  the  cells  deteriorate  and  fail  prematurely 
[4-6]. 

Room-temperature  ionic  liquids  (RTILs)  have  been  proposed 
as  solvents  for  long-lived  and  safer  LIBs,  since  they  are  generally 
non-flammable  and  have  low  volatility  as  well  as  superior  thermal 
stability  [7,8].  Unfortunately,  however,  the  cathodic  (electrochemi¬ 
cal  reduction)  stability  of  RTILs  is  poorer  than  that  of  conventional 
organic  solvents  [9-12].  For  instance,  it  has  been  reported  that 
imidazolium-based  RTILs  are  cathodically  decomposed  at  <1.0  V 
(vs.  Li/Li+)  on  a  glassy  carbon  electrode  at  room  temperature  [10]. 
By  contrast,  pyrrolidinium-  and  piperidinium-based  RTILs  exhibit 
better  cathodic  stability  on  the  same  inert  electrode  and  are  decom¬ 
posed  at  <0.4-0.5  V  [  11,1 2  ].  Up  to  now,  however,  there  have  been  few 
detailed  reports  of  the  cathodic  stability  of  these  RTILs  at  elevated 
temperatures. 

The  prime  aim  of  this  work  is  to  examine  whether  RTILs  can 
be  used  as  solvents  for  long-lived  LIBs.  To  this  end,  the  high- 
temperature  electrochemical  stability  of  RTILs  and  the  elevated 
temperature  cell  degradation  mechanism  have  been  examined. 
Three  different  electrolytes  are  prepared  by  dissolving  a  Li  salt  in 
three  different  RTIL  solvents  based  on  imidazolium,  pyrrolidinium 
and  piperidinium,  and  their  high-temperature  (120  °C)  cathodic 
stability  is  examined  by  cyclic  voltammetry  and  charge-discharge 
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cycling.  The  deposition  of  a  resistive  surface  film  and  an  impedance 
increase,  which  may  be  the  result  of  electrolyte  decomposition,  are 
examined  by  means  of  electron  microscopy  and  impedance  spec¬ 
troscopy.  The  results  are  further  compared  with  those  obtained 
with  a  conventional  organic  solvent  (ethylene  carbonate  +  diethyl 
carbonate).  A  titanium  oxide  bronze  (Ti02-B)  phase  is  used  as  the 
electrode,  since  its  lithiation/de-lithiation  potential  lies  within  the 
electrochemical  stability  window  of  common  RTILs  at  room  tem¬ 
perature  [13,14]. 

2.  Experimental 

2.1.  Materials 

Three  different  RTILs,  which  have  the  same  anion  but 
different  cations,  were  prepared  according  to  methods 
reported  elsewhere  [12,15,16].  The  prepared  RTILs  were 
EMI-TFSI,  PMPyr-TFSI  and  PMPip-TFSI,  where  EMI  is  1-ethyl- 
3-methylimidazolium,  PMPyr  is  1 -propyl-1 -methylpyrrolidinium, 
PMPip  is  1 -propyl-1 -methylpiperidinium,  and  TFSI  is 
bis(trifluoromethanesulfonyl)imide.  The  molecular  structures 
are  shown  in  the  inset  of  Fig.  2.  For  the  preparation  of  electrolytes, 
1.0  M  lithium  bis(trifluoromethanesulfonyl)imide  (Li-TFSI,  3M, 
battery  grade)  was  dissolved  in  the  above  RTILs  and  also  in  a 
mixture  of  ethylene  carbonate  (EC)  and  diethyl  carbonate  (DEC) 
(Cheil  Industry,  Korea)  (1:1  vol.  ratio). 

The  electrode  material,  titanium  oxide  bronze  (Ti02-B),  was  pre¬ 
pared  by  modifying  the  method  of  Marchand  et  al.  [17].  In  the  first 
step,  K2Ti40g  was  obtained  by  heat-treatment  of  a  ball-milled  mix¬ 
ture  of  KNO3  (Aldrich)  and  Ti02-anatase  (Aldrich)  (1:2  mol.  ratio) 
for  6h  under  an  argon  atmosphere.  The  resulting  K2Ti409  powder 
was  ball-milled  again  and  hydrolyzed  for  3  days  in  0.5  M  HN03  to 
obtain  a  H2Ti409  precipitate.  After  washing  with  de-ionized  water, 
the  precipitate  was  filtered  and  heated  at  500  °C  for  15  h  under  air  to 
obtain  the  Ti02-B  powder.  Power  X-ray  diffraction  (XRD)  patterns 
were  obtained  with  a  D8-Brucker  diffractometer  equipped  with  Cu 
Ka  radiation  (1.54056  A). 

2.2.  Electrochemical  characterizations 

For  the  preparation  of  Ti02-B-containing  composite  electrodes, 
a  slurry  of  Ti02-B  powder,  Super-P  (as  a  carbon  additive  for  conduc¬ 
tivity  enhancement)  and  polyvinylidenefluoride  (PVdF,  as  a  binder) 
(70:20:10  wt.  ratio)  was  coated  on  a  copper  current-collector  and 
then  dried  at  120  °C  and  pressed.  Coin-type  half-cells  were  fab¬ 
ricated  with  the  composite  electrode,  Li  foil  was  used  for  both 
the  counter  and  reference  electrodes,  and  a  glass  filter  (Advan- 
ter,  GA-55,  thickness  =  0.21  mm  and  pore  size  =  0.6  pm)  served  as 
a  separator. 

Galvanostatic  discharge-charge  cycling  was  made  using  a 
Toscat-2100  cycler.  Cyclic  voltammograms  were  obtained  with  a 
CHI660A  electrochemical  workstation  and  a.c.  impedance  mea¬ 
surements  were  made  using  the  same  instrument  in  the  frequency 
range  of  5  mHz-100  kHz  with  an  amplitude  of  10  mV.  In  this  pre¬ 
sentation,  lithiation  is  expressed  as  discharging  and  de-lithiation 
as  charging. 

2.3.  Field-emission  scanning  electron  microscope  (FE-SEM)  and 
X-ray  photoelectron  spectroscopy  (XPS)  study 

For  post  mortem  FE-SEM  (Model  JSM-6700F,  JEOL)  and  XPS 
analysis,  the  cells  were  dismantled  in  a  glove-box  and  the  elec¬ 
trodes  were  washed  with  dimethyl  carbonate.  A  hermetic  vessel 
was  used  to  transfer  the  samples  from  the  glove-box  to  the  instru¬ 
ment  chamber.  The  XPS  data  were  collected  in  an  ultra-high  vacuum 
multipurpose  surface  analysis  system  (Sigma  probe,  Thermo,  UK) 
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Fig.  1.  X-ray  diffraction  (XRD)  pattern  of  prepared  Ti02-B  powder.  FE-SEM  image 
provided  in  inset. 


that  operated  at  a  base  pressure  of  <10-10  mbar.  The  photoelectrons 
were  excited  by  a  Al  Ka  ( 1486.6  eV)  anode  at  a  constant  power  of 
100  W  (15  kV  and  10  mA);  the  X-ray  spot  size  was  400|jim.  Dur¬ 
ing  data  acquisition,  a  constant-analyzer-energy  mode  was  used 
at  a  pass  energy  of  30  eV  and  a  step  of  0.1  eV.  The  binding  energy 
was  calibrated  by  the  C  Is  peak  at  285  eV  that  was  obtained  from 
hydrocarbon  contamination. 

3.  Results  and  discussion 

The  XRD  pattern  of  the  prepared  Ti02-B  powder  is  shown 
in  Fig.  1.  The  diffraction  peaks  match  well  with  those  for  the 
monoclinic  Ti02-B  phase  (Joint  Committee  on  Powder  Diffraction 
Standards  #35-0088).  Any  diffraction  peaks  belonging  to  the  other 
polymorphs  ofTi02,  such  as  anatase  and  rutile,  are  not  detected.  The 
FE-SEM  image  (inset)  shows  that  the  Ti02-B  powder  has  a  rod-like 
morphology  [18]. 

The  first  discharge-charge  voltage  profiles  of  Ti02-B/Li  cells, 
which  were  recorded  in  four  different  electrolytes  at  room  tem¬ 
perature,  are  presented  in  Fig.  2.  The  cells  cycle  with  reasonable 
reversibility  within  the  potential  range  of  1.0-2.0V  (vs.  Li/Li+), 
which  is  far  above  that  for  graphite  electrodes  [  19,20].  The  four  elec¬ 
trolytes  give  rise  to  comparable  discharge  (lithiation)  and  charge 


Fig.  2.  Galvanostatic  discharge-charge  voltage  profile  of  Ti02-B/Li  cell  obtained  in 
four  different  electrolytes.  Molecular  structure  of  cations  and  anion  provided  in  inset. 
Current  density  =  25  mA g_1  and  T=  25  °C. 
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Fig.  3.  Cyclic  voltammograms  for  Ti02-B  electrode  in  three  different  electrolytes; 
solvents  indicated  in  inset.  Voltammogram  for  PMPyr-TFSI  is  largely  the  same  as 
that  for  PMPip-TFSI  (omitted).  Note  evolution  of  large  reduction  current  at  0.4  V 
with  EMI-TFSI.  Scan  rate  =  0.1  mV  s_1  and  7=25  °C. 


(de-lithiation)  capacities.  The  de-lithiation  capacity  and  coulom- 
bic  efficiency  in  the  first  cycle  are:  EMI-TFSI:  195  mAh g-1,  77%; 
PMPyr-TFSI:  196  mAh g"1, 86%;  PMPip-TFSI:  202  mAh g-1, 87%;  and 
EC:DEC:  196  mAh  g-1,  85%,  respectively.  Note,  however,  that  the 
discharging  and  charging  electrode  overpotential  for  the  organic 
carbonates  is  smaller  than  that  observed  for  the  ionic  liquids.  This 
must  be  due  to  the  lower  viscosity  and  higher  conductivity  of  the 
carbonate-based  electrolyte. 

In  order  to  examine  the  cathodic  stability  of  RTILs  at  <1.0  V,  cyclic 
voltammograms  were  recorded  by  extending  the  negative  limit 
down  to  0.0  V  (Fig.  3 ).  In  the  three  voltammograms,  the  cathodic  cur¬ 
rent  appears  at  1.8-1.3  V  and  the  anodic  current  at  1.4-2.0  V,  which 
must  be  associated  with  lithiation  and  de-lithiation  into/from  the 
Ti02-B  electrode,  respectively.  A  noticeable  feature  that  evolves 
with  the  imidazolium-based  ionic  liquid  (EMI-TFSI)  is  the  large 
reduction  current  peak  at  0.4  V  and  the  oxidation  peak  at  >2.1  V. 
Such  intense  redox  peaks  do  not  evolve  in  the  carbonate-based 
(EC  +  DEC)  or  the  piperidinium-based  ionic  liquid  (PMPip-TFSI) 
electrolyte.  In  short,  both  PMPip-  and  PMPyr-based  RTILs,  and  the 
organic  carbonates  are  cathodically  stable  down  to  0.0  V,  but  the 
imidazolium-based  RTIL  is  unstable.  The  poor  cathodic  stability  of 
EMI-based  ionic  liquids  has  been  ascribed  to  the  presence  of  an 
acidic  proton  located  at  the  2-C  position  [21,22].  The  poor  cathodic 
stability  of  EMI-TFSI  is  reflected  as  a  poor  cycleability,  as  shown  in 
Fig.  4,  in  which  the  lower  cut-off  voltage  is  varied  while  the  upper 
limit  is  fixed  at  2.5  V.  When  the  Ti02-B/Li  cell  is  cycled  at  1.2-2.5  V, 
in  the  potential  range  that  electrochemical  reduction  (electrolyte 
decomposition)  of  EMI-TFSI  is  not  severe  (Fig.  3),  the  working  cell 
in  EMI-TFSI  gives  comparable  cycle  performance  to  that  observed 
with  the  other  solvents.  On  the  other  hand,  when  the  lower  cut-off 
is  extended  down  to  0.6  V,  where  the  electrochemical  reduction  of 
EMI-TFSI  is  significant,  the  working  cell  with  EMI-TFSI  shows  rapid 
capacity  fading.  By  contrast,  the  cells  cycled  in  the  other  solvents, 
which  are  cathodically  stable  down  to  0.0  V  (Fig.  3),  give  reason¬ 
able  cycle  performances  even  with  this  low  cut-off  limit.  It  will  be 
shown  in  a  later  section  that  the  capacity  fading  is  associated  with 
the  formation  of  a  resistive  surface  film  that  is  deposited  as  a  result 
of  electrolyte  decomposition. 

The  high-temperature  electrochemical  stability  of  RTILs,  which 
is  the  main  subject  in  this  work,  was  examined  by  recording  cyclic 
voltammograms  at  120  °C  (Fig.  5).  A  comparison  of  the  data  shown 
in  Figs.  3  and  5  reveals  that  several  features  become  apparent 
with  an  increase  in  the  working  temperature.  First  of  all,  the  broad 
current  peaks  observed  at  1.3-2.0  V  at  25  °C  (Fig.  3),  which  are  asso- 
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Fig.  4.  Cycle  performance  of  Ti02-B/Li  cell  obtained  with  two  different  lower  cut-off 
potentials  at  25  °C.  Note  cell  operated  in  EMI-TFSI-containing  electrolyte  degrades 
rapidly  when  lower  cut-off  potential  is  extended  down  to  0.6  V.  Upper  cut-off  poten¬ 
tial  =  2.5  V  and  current  density  =  70  mA  g-1 . 


Fig.  5.  Cyclic  voltammograms  for  Ti02-B  electrode  in  three  different  electrolytes. 
Voltammogram  for  PMPyr-TFSI  solvent  is  largely  same  as  that  for  PMPip-TFSI  (omit¬ 
ted).  Potential  sweep  starts  toward  the  negative  direction.  Note  evolution  of  large 
reduction  current  at  1.1  V  with  the  carbonate-based  (EC:DEC)  and  EMI-TFSI  solvent. 
Scan  rate  =  0.1  mV s_1  and  T  =  120  °C. 


dated  with  lithiation/de-lithiation,  are  now  resolved  into  at  least 
three  discernable  pairs  of  redox  peaks,  which  must  be  the  result 
of  an  increase  in  the  lithiation/de-lithiation  rate  with  increase  in 
temperature.  Second,  a  reduction  peak  develops  at  1.1  V  and  an  oxi¬ 
dation  peak  at  >2.5  V  in  the  votammogram  recorded  in  EMI-TFSI, 
which  are  absent  in  both  PMPip-TFSI  and  PMPyr-TFSI  (not  shown). 
This  redox  peak  must  correspond  to  those  that  appear  at  0.4  V 
and  >2.1  V  at  25  °C,  respectively.  The  shift  of  the  reduction  peak 
from  0.4  (25  °C)  to  1.1  V  (120  °C)  seems  to  be  due  to  facilitation 
of  the  electrochemical  reduction  reaction  at  elevated  tempera¬ 
tures.  Here,  it  is  noted  that  the  lower  stability  of  the  EMI-based 
ionic  liquid  at  120  °C  when  compared  with  the  PMPyr-  and  PMPip- 
based  RTILs  appears  to  be  caused  by  its  lower  electrochemical 
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Fig.  6.  Galvanostatic  discharge-charge  voltage  profiles  obtained  with  four  different 
electrolytes  at  120  °C.  Note  rapid  capacity  fading  with  EC:DEC  and  cell  failure  with 
EMI-TFSI  after  six  cycles.  Also  note  acceptable  cycle  performance  with  PMPyr-TFSI 
and  PMPip-TFSI.  Cycling  was  undertaken  over  in  the  potential  range  1.2-2. 5  V  at 
current  density  of  250  mA g-1 . 


stability  rather  than  its  thermal  stability.  A  separate  thermogravi- 
metric  analysis  (TGA)  illustrates  that  the  thermal  decomposition 
temperatures  of  EMI-TFSI,  PMPyr-TFSI  and  PMPip-TFSI  are  430, 417 
and  385 °C,  respectively  [12,23].  The  carbonate  solvent  (EC:DEC), 
which  is  cathodically  stable  down  to  0.0  V  at  25  °C,  decomposes 
at  120  °C  as  evidenced  by  the  broad  reduction  current  beginning 
from  1.3  V.  Finally,  even  if  the  three  pairs  of  redox  peaks  that  are 
associated  with  lithiation/de-lithiation  of  the  Ti02-B  electrode  are 
present  at  1.4-1.8  V,  the  oxidation  (de-lithiation  from  Ti02-B  elec¬ 
trode)  peaks  are  much  smaller  than  the  reduction  peaks  in  EC:DEC 
and  EMI-TFSI.  Given  that  electrochemical  decomposition  is  signifi¬ 
cant  in  these  solvents,  it  is  very  likely  that  the  de-lithiation  reaction 
is  hindered  by  the  presence  of  a  surface  film  that  is  deposited 
on  the  Ti02-B  electrode  as  a  result  of  electrolyte  decomposition 
at  1.3-1.0  V.  Note  that  the  de-lithiation  current  is  quite  intense 
in  PMPip-TFSI,  which  is  not  decomposed  at  <1.3  V  in  the  negative 
potential  sweep  (Fig.  5). 

The  poor  high-temperature  electrochemical  stability  of  EC:DEC 
and  EMI-TFSI  is  clearly  manifested  as  poor  cycleability  of  the  Ti02- 
B/Li  cell,  as  shown  in  Fig.  6.  The  galvanostatic  discharge-charge 
voltage  profiles  illustrate  that  the  cell  is  gradually  degraded  in  a 
ED: DEC  solvent,  but  abruptly  fails  in  EMI-TFSI  due  to  a  leakage  cur¬ 
rent  that  appears  at  the  positive  end,  which  appears  to  be  related  to 
the  oxidation  reaction  occurring  at  >2.5  V  (Fig.  5).  The  cells  operated 
in  PMPyr-TFSI  and  PMPip-TFSI,  however,  operate  well  with  excellent 
cycle  performance  even  at  this  high-temperature. 

The  a.c.  impedance  data  shown  in  Fig.  7  can  explain  why  the 
cells  cycled  in  EC: DEC  and  EMI-TFSI  show  such  poor  cycle  perfor¬ 
mance.  As  seen  in  Fig.  7a,  the  Nyquist  plots  obtained  before  cycling 
are  similar,  regardless  of  the  solvents  used.  The  size  of  each  semi¬ 
circle,  which  is  likely  associated  with  Li+  ion  migration  through  the 
surface  film  and  charge-transfer  resistance,  is  comparable,  and  the 
Warburg  impedance,  which  is  related  to  mass  transfer,  appears  in 
the  lower  frequency  region  [24].  Detailed  analysis  was  not  made 
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Fig.  7.  a.c.  impedance  spectra  for  Ti02-B/Li  cell:  (a)  before  cycling  and  (b)  after  5 
cycles  at  120  °C.  Measurements  made  at  discharged  state  ( 1.2  V  for  Ti02-B  electrode). 
Discharge-charge  cycling  condition  same  as  for  Fig.  6.  Note  enlargement  of  semicir¬ 
cles  with  carbonate-based  (EC:DEC)  and  EMI-TFSI  solvent,  indicating  that  a  resistive 
surface  film  is  deposited  as  a  result  of  electrolyte  decomposition. 

in  this  work.  By  contrast,  the  impedance  spectra  taken  after  five 
cycles  (Fig.  7b)  show  a  large  difference  between  the  solvents  used. 
The  cells  cycled  in  PMPip-TFSI  and  PMPyr-TFSI  (not  shown)  display 
a  marginal  increase  in  the  size  of  the  semicircle,  whereas  a  notice¬ 
able  increase  is  observed  with  EC:DEC  and  EMI-TFSI.  From  this,  the 
poor  cycle  performance  observed  with  the  latter  two  solvents  can 
be  attributed  to  an  increase  in  the  internal  resistance  that  is  the 
sum  of  the  charge-transfer  resistance  (Rc t)  and  the  film  resistance 
(ftfiim)-  That  is,  an  increase  in  is  readily  expected  since  a  thick 
surface  film  is  deposited  on  these  electrodes.  Also,  an  increment 
in  Rct  can  be  assumed,  since  the  reaction  sites  for  lithiation/de- 
lithiation  into/from  the  Ti02-B  electrode  may  be  blocked  by  film 
deposition  [25]. 

The  FE-SEM  images  taken  of  the  Ti02  -B  electrode  surface  address 
the  reason  for  the  increase  in  resistance.  The  electrode  cycled  in 
EC:DEC  at  25  °C  (Fig.  8b)  has  largely  the  same  surface  morphology 
as  that  of  the  pristine  electrode  (Fig.  8a),  in  that  film  deposition  is 
not  observed.  The  electrodes  cycled  at  120  °C  in  PMPyr-TFSI  (Fig.  8e) 
and  PMPip-TFSI  (Fig.  8f)  also  experience  negligible  film  deposition. 
Deposition  of  a  thick  surface  film,  however,  is  apparent  on  elec¬ 
trodes  cycled  in  EC:DEC  (Fig.  8c)  and  EMI-TFSI  (Fig.  8d)  at  120  °C.  The 
resistance  increase  observed  with  the  latter  two  solvents  (Fig.  6)  can 
thus  be  ascribed  to  the  formation  of  a  resistive  surface  film  (ftfi lm) 
and  a  concomitant  increase  in  Rct.  The  diminished  de-lithiation  cur¬ 
rent  observed  in  EC:DEC  and  EMI-TFSI  solvents  (Fig.  5)  can  also  be 
explained  by  an  increase  in  internal  resistance  due  to  thick  film 
deposition. 

A  post  mortem  XPS  analysis  was  performed  to  analyze  the  chem¬ 
ical  composition  of  the  surface  film,  in  order  to  determine  the 
electrochemically  decomposed  material.  Fig.  9  indicates  the  XPS 
spectra  for  Ti  2p,  F  Is,  C  Is  and  N  Is  photoelectrons,  which  are 
obtained  with  the  initial  (before  cycling)  Ti02-B  electrode  (c)  and 
those  cycled  at  120  °C  in  EC:DEC  (a)  and  EMI-TFSI  (b)  solvent.  The  Ti 
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Fig.  8.  FE-SEM  images  of  Ti02-B  composite  electrode  surface:  (a)  initial  state,  (b)  after  20  cycles  at  25°C  in  1.0M  LiTFSI/EC:DEC,  (c)  after  20  cycles  at  120°C  in  1.0M 
Li-TFSI/EC:DEC,  (d)  after  5  cycles  at  120 °C  in  1.0 M  Li-TFSI/EMI-TFSI,  (e)  after  20  cycles  at  120 °C  in  1.0  M  Li-TFSI/PMPyr-TFSI,  and  (f)  after  20  cycles  at  120 °C  in  1.0  M 
Li-TFSI/PMPip-TFSI.  Cycling  conditions  same  as  for  Fig.  6. 


2p3/2  (459  eV)  and  Ti  2p1/2  (464.5  eV)  photoelectrons  that  are  emit¬ 
ted  from  the  pristine  Ti02-B  electrode  are  quite  abundant,  whereas 
those  from  the  cycled  electrodes  in  EC:DEC  (a)  and  EMI-TFSI  solvent 
(b)  are  negligible  [26].  Considering  that  photoelectrons  are  emitted 
only  from  the  uppermost  surface  region,  it  is  clear  that  the  surface 
of  the  cycled  electrodes  is  covered  by  a  surface  film.  The  FIs  spectra 
deconvolute  to  three  peaks:  LiF  at  685.5  eV,  CF2  at  687.5  eV  and  CF3 
at  689 eV  [27,28].  The  intense  peak  at  687.5  eV  observed  with  the 
initial  electrode  must  be  come  from  the  PVdF  binder  since  this  fluo- 
rinated  polymer  is  placed  on  the  film-free  Ti02-B  electrode  surface. 
Emission  of  the  other  FIs  photoelectrons  (LiF  at  685.5  eV  and  CF3  at 
689  eV)  from  the  film-deposited  electrodes  strongly  suggests  that 
the  TFSI  anion  is  decomposed  under  cathodic  polarization.  Note 
that  the  only  way  for  these  fluorinated  species  to  be  generated 
is  from  the  decomposition  of  the  TFSI  anion,  since  the  other  elec¬ 
trolyte  components  (cations  in  ionic  liquids  and  organic  carbonates) 


do  not  contain  any  fluorinated  functional  groups.  The  C  1  s  spectra 
clearly  show  that  the  organic  carbonates  are  also  decomposed.  The 
C  Is  spectra  deconvolute  to  five  peaks:  graphitic  carbons  at  284 eV, 
C-C/C-H  at  285  eV,  C-N/C-OH  at  286  eV,  ester  at  287  eV,  C032-/CF2 
at  290.0-290.5  eV,  and  CF3  at  293  eV  [27-29].  The  most  revealing 
feature  is  that  the  C  Is  photoelectrons  emitted  from  the  C032-/CF2 
groups  at  290.0-290.5  eV  are  much  more  abundant  for  the  EC:DEC 
solvent  than  for  the  EMI-based  ionic  liquid.  Given  that  the  photo¬ 
electrons  from  the  CF2  moiety  that  may  come  from  PVdF  binder 
can  be  neglected  due  to  thick  film  deposition  on  these  electrodes, 
the  peak  at  290.0-290.5  eV  is  mainly  associated  with  C032-  groups 
that  are  derived  from  the  organic  carbonates  (EC: DEC).  Also  note 
that  an  intense  peak  at  284  eV  is  observed  with  the  initial  Ti02-B 
electrode,  which  must  come  from  the  carbon  additive  (Super-P).  The 
N  Is  spectra  are  resolved  into  three  peaks:  quaternary  ammonium 
ions  at  402.0  eV,  imine  at  399.0 eV,  and  Li3N  at  397.5  eV  [30,31]. 
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Fig.  9.  XPS  spectra  for  Ti  2p,  F  Is,  C  Is,  and  N  Is  photoelectrons  obtained  with  Ti02-B  electrodes  after  5  cycles  at  120 °C:  (a)  EC:DEC,  (b)  EMI-TFSI,  and  (c)  before  cycling. 


As  seen,  two  film-deposited  electrodes  contain  the  N-species  that 
must  come  from  either  the  TFSI  anion  or  the  EMI  cation.  The  N- 
containing  species  on  the  electrode  cycled  in  EC:  DEC  should  derive 
from  the  TFSI  anion,  whereas  those  on  the  electrode  cycled  in  EMI- 
TFSI  both  from  the  TFSI  anion  or  the  EMI  cation.  The  big  difference 
in  the  N  Is  peak  intensity  between  two  film-deposited  electrodes 
strongly  suggests  that  the  EMI  cation  is  also  decomposed  under 
cathodic  polarization.  The  electrodes  cycled  in  PMPip-TFSI  and 
PMPyr-TFSI  solvent  also  emit  an  appreciable  number  of  N  Is  pho¬ 
toelectrons  (not  shown),  but  their  intensity  is  much  smaller  than 
those  from  the  other  electrodes.  The  amount  of  N 1  s  photoelectrons 
emitted  from  these  electrodes  is  only  marginal  like  that  observed 
with  the  pristine  Ti02-B  electrode.  This  observation  further  con¬ 
firms  the  electrochemical  instability  of  the  TFSI  anion  at  elevated 
temperature,  and  the  stability  of  the  PMPip  and  PMPyr  cations. 

The  results  presented  so  far  strongly  indicate  that  the  high- 
temperature  cycle  performance  of  Ti02-B/Li  cells  is  greatly  affected 
by  the  electrochemical  stability  of  the  electrolyte  used.  To  con¬ 
firm  this  feature  further,  a  control  experiment  in  which  the  cells 
were  cycled  at  25  °C  in  advance,  exposed  at  120  °C,  and  then  cycled 
again  at  25  °C  was  performed.  The  de-lithiation  capacity  delivered 
before  and  after  the  high-temperature  exposure  was  compared. 
During  the  high-temperature  exposure,  one  group  of  cells  was 
cycled  ( 1.2-2. 5  V)  once  whereas  the  other  group  was  stored  for  1 
day  in  the  charged  state  (at  2.5  V).  Appreciable  electrolyte  decom¬ 
position  and  film  deposition  is  expected  in  the  former  group  since 
the  Ti02-B  electrode  experiences  a  cathodic  polarization  down  to 
1.2  V  during  the  high-temperature  exposure,  whereas  this  unde¬ 
sired  feature  is  likely  negligible  in  the  latter  group  since  the  Ti02-B 
electrode  remains  in  its  charged  state  (at  2.5  V).  Fig.  10b  illus¬ 
trates  that  capacity  loss  is  not  significant  in  the  latter  group  and 
there  by  indicates  that  electrolyte  decomposition  and  film  depo¬ 
sition  are  not  severe  upon  simple  (without  potential  imposition) 
exposure  to  high-temperature.  The  cells  that  are  exposed  to  a 
high-temperature  with  cathodic  polarization  (down  to  1.2  V)  show 
different  behaviour,  namely,  an  appreciable  capacity  loss  with  the 


carbonates  and  EMI-TFSI,  but  an  insignificant  loss  with  PMPyr-TFSI 
and  PMPip-TFSI  (Fig.  10a).  This  feature  must  be  due  to  a  difference  in 
the  electrochemical  (cathodic)  stability  of  the  solvents  used.  Finally, 
the  largest  capacity  loss  observed  with  the  carbonates  among  the 
latter  series  (Fig.  10b)  indicates  that  the  thermal  stability  of  con- 


Fig.  10.  Capacity  loss  at  high-temperature  (120 °C)  exposure.  De-lithiation  capac¬ 
ity  monitored  with  following  cycling  scheme:  initial  10  cycles  at  25  °C,  exposure 
at  120  °C,  and  10  cycles  again  at  25  °C.  During  high-temperature  exposure,  cells 
cycled  once  (a)  or  left  in  charged  state  (2.5  V)  for  1  day  (b).  Note  the  abnormally 
high  de-lithiation  capacity  observed  with  EMI-TFSI  during  high-temperature  expo¬ 
sure,  which  is  caused  by  leakage  current.  Cycling  was  made  in  potential  range  of 
1.2-2.5  V  with  a  current  density  of  70  (25  °C)  and  250  mA g_1  ( 120  °C). 
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ventional  carbonate  solvents  is  less  than  that  for  RTILs,  as  generally 
accepted. 

4.  Conclusions 

The  cathodic  (electrochemical  reduction)  stability  is  compared 
for  three  different  RTILs  at  both  room  and  elevated  tempera¬ 
ture,  and  then  further  compared  with  that  for  a  conventional 
carbonate-based  solvent.  The  cycle  performance  of  the  Ti02-B/Li 
cell  is  examined  in  four  different  electrolytes  and  the  results  are 
correlated  with  the  cathodic  stability  of  the  electrolytes  used.  The 
following  observations  are  made: 

(i)  The  EMI-based  ionic  liquid  exhibits  the  poorest  cathodic  sta¬ 
bility  at  both  room  and  elevated  temperature,  and  thus  has 
the  poorest  cycle  performance.  The  carbonate-based  elec¬ 
trolyte  shows  good  stability  under  negative  polarization  at 
room  temperature,  but  decomposes  at  120  °C.  The  PMPyr-  and 
PMPip-based  ionic  liquids  are  electrochemically  stable  even 
at  elevated  temperature  (120  °C),  such  that  the  Ti02-B/Li  cell 
delivers  an  acceptable  cycle  performance. 

(ii)  Electron  microscopy  images  and  a.c.  impedance  data  illustrate 
that  resistive  film  deposition  is  significant  on  Ti02-B  electrodes 
cycled  in  the  cathodically  unstable  electrolytes.  As  a  result 
of  film  deposition,  the  cells  are  degraded  with  impedance 
increase. 

(iii)  X-ray  photoelectron  spectroscopy  data  illustrate  that  EMI,  TFSI 
and  organic  carbonates  are  cathodically  decomposed  at  120  °C. 
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